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ABSTRACT
The extended TeV gamma-ray source ARGO J2031+4157 (or MGRO
J2031+41) is positionally consistent with the Cygnus Cocoon discovered by
Fermi-LAT at GeV energies in the Cygnus superbubble. Reanalyzing the
ARGO-YBJ data collected from November 2007 to January 2013, the angular
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extension and energy spectrum of ARGO J2031+4157 are evaluated. After sub-
tracting the contribution of the overlapping TeV sources, the ARGO-YBJ excess
map is fitted with a two-dimensional Gaussian function in a square region of
10◦ × 10◦, finding a source extension σext= 1
◦.8±0◦.5. The observed differential
energy spectrum is dN/dE = (2.5± 0.4)× 10−11(E/1TeV )−2.6±0.3 photons cm−2
s−1 TeV−1, in the energy range 0.2-10 TeV. The angular extension is consistent
with that of the Cygnus Cocoon as measured by Fermi-LAT, and the spectrum
also shows a good connection with the one measured in the 1-100 GeV energy
range. These features suggest to identify ARGO J2031+4157 as the counterpart
of the Cygnus Cocoon at TeV energies. The Cygnus Cocoon, located in the
star-forming region of Cygnus X, is interpreted as a cocoon of freshly accelerated
cosmic rays related to the Cygnus superbubble. The spectral similarity with Su-
pernova Remnants indicates that the particle acceleration inside a superbubble
is similar to that in a SNR. The spectral measurements from 1 GeV to 10 TeV
allows for the first time to determine the possible spectrum slope of the under-
lying particle distribution. A hadronic model is adopted to explain the spectral
energy distribution.
Subject headings: acceleration of particles − cosmic rays − gamma rays: general
1. Introduction
The Cygnus region of the Galactic plane stands out in the Northern sky for the complex
features observed in radio, infrared, X-rays and gamma-rays. It contains a high density
interstellar medium and is rich in potential cosmic ray acceleration sites, e.g., Wolf-Rayet
stars, OB associations, and supernova remnants (SNRs). This region is home of a number of
GeV gamma-ray sources as revealed by Fermi-LAT (Nolan et al. 2012). Several noteworthy
TeV gamma-ray sources were also detected within the Cygnus region in the past decade. A
review of these sources can be found in our previous paper (Bartoli et al. 2012a). Gamma-
rays are tracers of non-thermal particle acceleration and propagation. The Cygnus region
is therefore a natural laboratory for studying the origin of cosmic rays, which remains a
century-long puzzle.
Cygnus X in the constellation of Cygnus is the largest star-forming region in the Solar
neighborhood. It contains many distinct H II regions, a number of Wolf-Rayet stars and
several OB associations, namely OB2, OB1 and OB9. Most objects seen in this region are lo-
cated at the distance of∼1.4 kpc (Hanson 2003). In the direction of Cyg OB2, the gamma-ray
source TeV J2032+4130 was discovered by the HEGRA collaboration (Aharonian et al. 2002,
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2005) and later observed by the Whipple (Konopelko et al. 2007), MAGIC (Albert et al.
2008) and VERITAS (Aliu et al. 2014a) imaging air shower Cherenkov telescopes (IACTs).
Its extension is estimated to be about 0◦.1 and the integral flux above 1 TeV is 3%−6%
that of the Crab flux. TeV J2032+4130 is positionally coincident with the GeV pulsar PSR
J2032+4127 and could be the corresponding pulsar wind nebula (PWN) (Camilo et al. 2009;
Aliu et al. 2014a). The sources MGRO J2031+41 and ARGO J2031+4157, detected by Mi-
lagro and ARGO-YBJ extensive air shower (EAS) arrays around 20 TeV and 1 TeV, respec-
tively, overlap with TeV J2032+4130, but the fluxes are about 10 times higher (Abdo et al.
2007b; Bartoli et al. 2012a, 2013a).
Using the Fermi-LAT data, Ackermann et al. (2011) found a highly extended gamma-
ray source above 1 GeV, overlapping the TeV emission. Assuming a symmetrical two-
dimensional Gaussian shape, the source angular extension was estimated to be 2◦.0 ± 0◦.2.
The emission was interpreted as a cocoon of freshly accelerated cosmic rays in the Cygnus
superbubble, which was taken as evidence for the long-advocated hypothesis that OB asso-
ciations host cosmic ray factories. The extended emission region will be denoted as Cygnus
Cocoon in the following text.
The extension of MGRO J2031+41, obtained by Milagro with a later analysis, is 1◦.8,
similar to that of the Cygnus Cocoon. For such a complex region, Abdo et al. (2012a)
pointed out that the morphology of MGRO J2031+41 may be produced by the superposition
of the central source TeV J2032+4130 and a more extended emission, which causes the
large discrepancy between the fluxes measured by IACTs and EAS arrays. However, the
correlation between the TeV extended emission and the Cygnus Cocoon remained unclear.
VERITAS surveyed the Cygnus region. Due to the narrow field of view (FOV, typical
3◦.5), VERITAS could not detect the gamma-ray emission on the angular scale of the Cygnus
Cocoon. In Cherenkov telescopes the background under a point-like source is estimated by
the density of events in rings around the source. For an extended source this method makes
the source to be self-subtracted (Aliu et al. 2013). At one corner of the Cygnus Cocoon,
VERITAS detected a new TeV gamma-ray source VER J2019+407 (Aliu et al. 2013) in the
direction of SNR G78.2+2.1 with an angular extension of 0◦.23 ± 0◦.05 and a flux above
320 GeV of 3.7% Crab units. Associated to VER J2019+407, a marginal signal, denoted
as ARGO J2021+4038, was reported by the ARGO-YBJ collaboration when surveying the
northern sky (Bartoli et al. 2013a). This source should also partly contribute to the extended
source MGRO J2031+41.
The ARGO-YBJ experiment is an EAS array with a wide FOV, able to monitor the
sky in the declination band from -10◦ to 70◦ (Bartoli et al. 2013a). Due to the full coverage
configuration and the location at high altitude (4300 m a.s.l.), the detector energy threshold
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is ∼300 GeV, much lower than that of Milagro. ARGO-YBJ can extend the measurements
of the space-based experiment Fermi-LAT at 0.1−300 GeV to higher energies without any
gap. In this paper we reanalyze the ARGO-YBJ data recorded in the region of ARGO
J2031+4157, to study the relation of this source with the Cygnus Cocoon detected by Fermi-
LAT.
2. The ARGO-YBJ experiment
The ARGO-YBJ experiment, located at the Yangbajing Cosmic Ray Laboratory (Ti-
bet, China, 90◦.5 East, 30◦.1 North), is designed for very high energy (VHE) gamma-ray
astronomy (Aielli et al. 2009a,b, 2010; Bartoli et al. 2011a, 2012a,b,c, 2013b) and cosmic ray
(Aielli et al. 2009e; Bartoli et al. 2012d,e, 2013c) observations. The detector, extensively de-
scribed in (Aielli et al. 2006, 2009c), consists of a ∼74× 78 m2 carpet made of a single layer
of Resistive Plate Chambers (RPCs) with ∼93% of active area, surrounded by a partially
instrumented (∼20%) “guard ring” area up to ∼100×110 m2. Each RPC (2.8 m × 1.25 m)
is equipped with 10 logical pixels (called “pads”, 55.6 cm × 61.8 cm) used for triggering and
timing purposes. The arrival times of the particles are measured by 18,360 time-to-digital
converters (TDCs) with a resolution of about 1.8 ns (Aielli et al. 2009c), which are calibrated
using a software method with precision of 0.4 ns (He et al. 2007; Aielli et al. 2009d).
The ARGO-YBJ experiment in its final configuration started taking data in November
2007 and stopped in January 2013. The trigger rate is 3.5 kHz with a dead time of 4%
and an average duty-cycle higher than 86%. All the ARGO-YBJ data collected in that
period are used in this analysis, for a total observation time of 1670 days. Details of the
detector performance and data analysis are widely discussed in Bartoli et al. (2013a), where,
using the same data sample, a survey of the Northern sky is presented, yielding 6 sources
and 5 candidates, with an integrated sensitivity of 24% Crab units. The detector angular
resolution for gamma rays ranges from 1◦.7 to 0◦.2, depending on the number of hit pads
Npad (Bartoli et al. 2011b, 2013a). The sky map in celestial coordinates (right ascension
and declination) is divided into a grid of 0◦.1 × 0.1◦ bins and filled with detected events.
The “direct integral method” (Fleysher et al. 2004) is adopted to estimate the number of
cosmic ray background events in each bin. A smoothing is applied with an energy-dependent
point spread function (Bartoli et al. 2013a). The Li−Ma method (Li & Ma 1983) is used
to estimate the significance of the excess.
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3. Results
The significance map around ARGO J2031+4157 as observed by ARGO-YBJ using the
events with Npad ≥20 is shown in Figure 1. The highest statistical significance is 6.1 standard
deviations (s.d.), corresponding to the position of ARGO J2031+4157. The positions of other
known TeV sources and of the Cygnus Cocoon are also marked in the figure. Our excess
almost fully fills the extended region of the Cygnus Cocoon, indicating their similar angular
size. At the top right corner of the excess, there is a 4.3 s.d. peak corresponding to ARGO
J2021+4038, which is associated to VER J2019+407.
To derive the possible emission from the Cygnus Cocoon, the contribution from the
overlapping sources TeV J2032+4130 and VER J2019+407, and from the nearby sources
VER J2016+371 (Aliu et al. 2014b) and MGRO J2019+37 (Abdo et al. 2007b) must be sub-
tracted. For these sources, the spectra and the angular extensions determined in (Aharonian et al.
2005; Aliu et al. 2013, 2014b) are used. For MGRO J2019+37, the flux measured by Milagro
is higher than the upper limits derived by ARGO-YBJ, although still within one standard de-
viation error. Recently, MGRO J2019+37 was resolved into two VERITAS sources, namely
VER J2016+371 and VER J2019+368. So the spectra determined by VERITAS (Aliu et al.
2014b), which have better precision and are consistent with both Milagro and ARGO-YBJ
measurements, are used here. We track the four sources path inside the ARGO-YBJ FOV
and simulate the detector response in the gamma-ray energy range from 10 GeV to 100 TeV.
The detailed simulation of the ARGO-YBJ detector response to gamma-rays is realized by
means of a code based on the GEANT package (Guo et al. 2010). The four sources contri-
butions are removed before estimating the extension and spectrum of the Cygnus Cocoon.
In our previous analysis (Bartoli et al. 2012a), the angular extension of ARGO J2031+4157
was estimated by fitting the angular distribution of the events centered on MGRO J2031+41
within a radius of 2◦.2. The excess events outside this region were considered as due to the
Galactic diffuse gamma-ray emission. Now, after the Fermi-LAT result indicating the pres-
ence of a large extended source, a larger region is used to evaluate the extension of ARGO
J2031+4157. To achieve a better angular resolution, only events with Npad ≥60 are used.
Assuming for the source shape a symmetrical two-dimensional Gaussian function, we fit the
ARGO-YBJ excess in a square region of 10◦×10◦ around ARGO J2031+4157. The result of
the fit gives a source position with RA=(307.8±0.8)◦ and Dec=(42.5±0.6)◦, and an extension
σext= (1.8±0.5)
◦, consistent with the angular size of the cocoon as measured by Fermi-LAT
(2.0±0.2)◦, within the statistical uncertainties (see Fig.1). The dependence of this result on
the source spectral energy distribution (SED) is found to be negligible.
To study the spectral behaviour of ARGO J2031+4157, the extension σext = 2
◦ and the
position of Cygnus Cocoon determined by Fermi-LAT at 1−100 GeV (Ackermann et al.
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2011) are used. The fitting method described in Bartoli et al. (2011a) is adopted. In this
procedure, the path of the Cygnus Cocoon inside the ARGO-YBJ FOV is tracked during
the ARGO-YBJ life time. The expected emission is generated by sampling gamma-rays
in the energy range 10 GeV - 100 TeV assuming a power-law function. The variable used
to determine the event energy is the number of hit pads Npad. The energy spectrum is
estimated by comparing the detected signal and the expected signal in six Npad intervals:
20−39, 40−59, 60−99, 100−199, 200−499 and ≥500. Before fitting, the contribution of the
four nearby sources is removed. According to our simulations, this contribution is dominated
by the two sources TeV J2032+4130 and VER J2019+407, and is equal to 13.2%, 11.1%,
12.1%, 10.4%, and 16.2%, respectively, in the first five Npad intervals (in the 6
th interval there
is no excess).
The best fit to the spectrum (χ2/dof = 2.4/4) is:
dN
dE
= (2.5± 0.4)× 10−11(E/1TeV )−2.6±0.3 photons cm−2s−1 TeV −1. (1)
The integral flux above 1 TeV is (1.52±0.37)×10−11 photons cm−2 s−1, corresponding to
0.8±0.2 Crab units. The median energies of the six Npad intervals are 0.40, 0.64, 0.92, 1.4,
2.7, and 6.5 TeV, respectively. The found spectrum and the corresponding 1 sigma errors
are shown in Figure 2. The highest energy point is a 95% confidence level (c.l.) flux upper
limit. The flux is higher than in our previous report (Bartoli et al. 2012a), since a larger
source region is considered here. This also gives us a hint that the extension of the source is
really larger than our previous estimation. The given errors on the flux are statistical. The
systematic errors are estimated to be less than 30% (Bartoli et al. 2011a).
Note that to subtract the contributions of TeV J2032+4130 and VER J2019+407, the
gamma-ray fluxes determined by IACTs are used. Some unclear systematic discrepancy
between EAS arrays and IACTs has been found when determining the flux of extended
sources. It is worth noting that these two techniques have achieved a good agreement
for the point source Crab Nebula (Abdo et al. 2012b; Bartoli et al. 2013a). The fluxes of
MGRO J1908+06 and HESS J1841-055 measured by the EAS arrays Milagro and ARGO-
YBJ are about 2−3 times higher than that determined by IACTs (Bartoli et al. 2012c,
2013b). Therefore we can not exclude the possibility that the fluxes of TeV J2032+4130
and VER J2019+407 are underestimated by IACTs. In this case the flux of the Cygnus
Cocoon determined here would be overestimated by about 20−30%. However, the angular
sizes of TeV J2032+4130 and VER J2019+407 are smaller than those of MGRO J1908+06
and HESS J1841−055, hence the expected discrepancy should be smaller. In particular, for
MGRO J2019+37/VER J2019+368, if we use the result of Milagro instead of the VERITAS
one, the cocoon flux and extension change by less than 10%.
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Figure 3 shows all the spectral measurements by Fermi-LAT, ARGO-YBJ and Milagro.
The Milagro data refer to the source MGRO J2031+41 (Abdo et al. 2007a,b, 2009), which
should contain the contributions from the overlapping and nearby sources. In (Ackermann et al.
2011) the flux of MGRO J2031+41 is corrected by subtracting the extrapolation of TeV
J2032+4130 at 12 TeV. This “corrected” value is also shown in Figure 3. We should also
remind that the Milagro flux at 12 and 20 TeV was determined in a region of 3◦× 3◦, which
is too small compared to the Cygnus Cocoon extension and could contain less than 40%
of the gamma-ray emission. For these reasons the flux of MGRO J2031+41 is reported in
Figure 3 but is not used in the following discussion.
The flux determined by ARGO-YBJ appears consistent with the extrapolation of the
Fermi-LAT spectrum. Given the consistency of spectra and angular sizes, the major emis-
sion of ARGO J2031+4157 can be identified as the counterpart of the Cygnus Cocoon at
TeV energies. It is worth noting that, given the ARGO-YBJ angular resolution, a detailed
comparison with the morphology found by Fermi-LAT is meaningless.
The combined spectrum of Fermi-LAT and ARGO-YBJ is fitted (χ2/dof = 2.7/9) by
the power law function dN/dE = (3.5± 0.3)× 10−9(E/0.1TeV )−2.16±0.04 photons cm−2 s−1
TeV−1, as shown by the dot-dashed line in Figure 3. The upper limits of Fermi-LAT and
ARGO-YBJ indicate weak evidence for the presence of a slope change or cutoff below ∼1
GeV and above ∼10 TeV, respectively.
4. Discussion
The angular size of about 2◦ places the Cygnus Cocoon among the most extended VHE
gamma-ray sources. At a distance of 1.4 kpc, the observed angular extension corresponds
to more than 50 pc, making the Cygnus Cocoon the largest identified Galactic TeV source.
Such a large region can be related to different scenarios. PWNs and SNRs contribute to most
of the extended Galactic TeV sources identified up to now. Towards the Cygnus Cocoon, two
pulsars (PSR J2021+4026 and PSR J2032+4127) and one SNR (SNR G78.2+2.1) have been
detected. As remarked in (Ackermann et al. 2011), the PWNs powered by these two pulsars
are unlikely to explain the cocoon emission, and SNR G78.2+2.1 could be too young to be
the unique accelerator in the cocoon able to diffuse over the whole region. However, PSR
J2032+4127 and the Cygnus Cocoon are well coincident apparently, and we cannot rule out
the possibility that the cocoon emission is from the yet-undiscovered remnant of a supernova
that originated the pulsar. The favored scenario in (Ackermann et al. 2011) is the injection
of cosmic rays via acceleration from the collective action of multiple shocks from supernovae
and winds of massive stars, which form the Cygnus superbubble. Such superbubbles have
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been long advocated as cosmic ray factories (Bykov & Toptygin 2001; Parizot et al. 2004;
Ferrand & Marcowith 2010). Possibly, the Cygnus Cocoon is the first evidence supporting
such a hypothesis.
For such a large extended region, no significant morphology and spectrum variation
have been found by Ackermann et al. (2011) in the range from 1 to 100 GeV. The energy
spectrum from 1 GeV to 10 TeV shows a simple power-law shape, which is very similar to
those of SNRs, such as Cassiopeia A, Tycho, W51C, IC 443, and so on (Yuan et al. 2012).
This indicates that the Cygnus Cocoon may be an unknown SNR, or that the particle
acceleration inside a superbubble is similar to that in a SNR. No matter which accelerator
is responsible for the Cygnus Cocoon emission, the whole spectral shape of the gamma-ray
emission from 1 GeV to 10 TeV allows for the first time to determine a possible spectral slope
of the underlying particle distribution. Different scenarios have been proposed to explain the
emission mechanism of gamma-rays, which can be produced via inverse-Compton scattering
of background photon fields by high energy electrons, or, in hadronic models, by pi0-decay
from inelastic proton-proton or proton-photon interactions. The electron bremsstrahlung
can be ignored if the electron-to-proton ratio is about 1% as measured around earth. The
close relation between the emission morphology and the interstellar structure revealed by
Ackermann et al. (2011) favors a cosmic ray origin. The Fermi-LAT measurement below 3
GeV is also a hint of the pi0-decay feature Ackermann et al. (2013). Moreover, the gamma-
ray spectrum predicted by IC process is always curved, and it is difficult for the pure leptonic
model to produce such a simple power law shape from 1 GeV to 10 TeV.
In this work we adopt a purely hadronic emission model (Drury et al. 1994) to produce
the gamma-ray emission from the cocoon. In our model, the observed gamma-rays are
attributed to the decay of pi0 mesons produced in inelastic collisions between accelerated
protons and target gas. The predicted spectrum is shown as the thick solid line in Figure 3.
It is assumed that the primary proton spectrum follows a power law with index α and with
an exponential cutoff energy Ec, i.e., E
αe−E/Ec . The value of α is the same as the spectral
index of gamma-rays and Ec is set to 150 TeV. This Ec value is the maximum allowed by
the ARGO-YBJ upper limit. It is worth recalling that, as explained in the last section, the
data points obtained by Milagro are not taken into account for this model. Taking them into
account, the Ec would be around 40 TeV, giving the dotted line shown in Figure 3. The total
energy of the high-energy protons is 1.5× 1050 × (10/n) ergs at a distance of 1.4 kpc, where
n is the gas density per cm3 averaged over the emission volume. The Cygnus region hosts a
giant molecular-cloud complex with total mass of 8×106 M⊙ (Ackermann et al. 2012). The
interstellar gas density should be higher than 10 cm−3. Hence, the derived proton power
should be less than 1.5×1050 ergs, which can be reasonably provided by one supernova,
which usually releases ∼ 1051 ergs, about 10% of which can be transferred to the accelerated
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particles. This result plausibly supports one SNR or several SNRs, i.e., a supperbubble,
as the accelerator responsible for the Cygnus Cocoon emission. The main feature of the
gamma-ray emission from the hadronic model is that it predicts a clear cutoff at energy
below 1 GeV Ackermann et al. (2013), which is significantly different from that from the
leptonic model and can be checked by future long-term observation from Fermi-LAT.
In a cosmic ray source, both electron and nuclei can be accelerated at the same time.
The gamma-ray spectrum of Cygnus Cocoon can also be reproduced by a hybrid model.
Recently, Yuan et al. (2012) proposed a unified model for the gamma-ray emission of SNRs.
In this model, they assumed a constant ratio (1%) and identical spectral shape for cosmic-
ray protons and electrons, which was derived from the locally observed spectra by taking
into account the transport effects from sources to the observers. The diversity of gamma-ray
spectra can be caused only by the differences of the medium gas density. According to this
model, when the differential spectral index of gamma-rays is 2.16, the gamma-ray emission
below 100 GeV is dominated by pion decay and the emission above 100 GeV is dominated
by the electron inverse Compton scattering on low energy background photons.
5. Conclusions
Using the whole ARGO-YBJ data collected from 2007 November to 2013 January, we
reanalyzed the TeV gamma-ray emission from ARGO J2031+4157. The source extension
is found consistent with that of the Cygnus Cocoon determined by Fermi-LAT at 1−100
GeV. The measured spectrum is consistent with a simple power-law extrapolation of the
spectrum measured by Fermi-LAT, suggesting the same origin for both GeV and TeV
gamma-ray emissions. These features support the identification of ARGO J2031+4157 as
the TeV counterpart of the Cygnus Cocoon.
Even if a yet-undiscovered nebula can not be ruled out, such a large extended emis-
sion is likely due to the collective action of multiple shocks in a superbubble. The broad
spectrum and the similarity with other SNRs indicate that the particle acceleration inside
a superbubble is similar to that in a SNR. The GeV-TeV spectrum allows for the first time
to determine the possible spectral slope of the underlying particle distribution. To further
investigate into the Cygnus Cocoon and its relation with TeV J2032+4130, more sensitive
observations by detectors with large collection area, high angular resolution and wide field
of view are needed. The new EAS experiments, such as HAWC, Tibet+MD, and LHAASO
(more details about these detectors can be found in (Chen 2013)) are expected to play an
important role for such an issue.
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Fig. 1.— Significance map around ARGO J2031+4157 as observed by the ARGO-YBJ ex-
periment. The large circles indicate the positions of ARGO J2031+4157, MGRO J2031+41
and the Cygnus Cocoon, and the corresponding 68% containment regions (Ackermann et al.
2011; Abdo et al. 2012a). The position and extension of TeV 2032+4130 and VER
J2019+407 are marked with crosses (Aharonian et al. 2005; Aliu et al. 2014b, 2013). The
small circles indicate the positions of PSR 2021+4026 and PSR 2032+4127.
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Fig. 2.— Energy density spectrum of the Cygnus Cocoon as measured by the ARGO-YBJ
experiment. The solid line shows the power-law fit to the data points. The arrow indicates
the 95% c.l. upper limit. Only statistical errors are shown.
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Fig. 3.— Spectral energy distribution of the Cygnus Cocoon by different detectors. The
arrows below 1 GeV indicate the upper limits obtained by Fermi-LAT (Ackermann et al.
2011). The points at 12, 20 and 35 TeV are reported by Milagro for MGRO J2031+41
(Abdo et al. 2007a,b, 2009). The lower data point at 12 TeV is the Milagro flux after the
subtraction of the TeV J2032+4130 contribution (Ackermann et al. 2011). The dot-dashed
line shows the best fit to the Fermi-LAT and ARGO-YBJ data using a simple power-law
function. The thick solid line is predicted by a hadronic model with a proton cutoff energy
at 150 TeV. The dotted line is predicted by a model with cutoff energy at 40 TeV.
